Mrówczyński W, Celichowski J, Krutki P, Cabaj A, Sławińska U, Majczyński H. Changes of the force-frequency relationship in the rat medial gastrocnemius muscle after total transection and hemisection of the spinal cord. J Neurophysiol 105: 2943-2950, 2011. First published March 30, 2011 doi:10.1152/jn.00687.2010The relationships between the stimulation frequency and the force developed by motor units (MUs) of the medial gastrocnemius muscle were compared between intact rats and animals after total transection or hemisection of the spinal cord at the low thoracic level. The experiments on functionally isolated MUs were carried out 14, 30, 90, and 180 days after the spinal cord injury. Axons of investigated MUs were stimulated with trains of pulses at 10 progressively increased frequencies (from 1 to 150 Hz), and the force-frequency curves were plotted. Spinal cord hemisection resulted in a considerable leftward shift of force-frequency curves in all types of MUs. After the total transection, a leftward shift of the curve was observed in fast MUs, whereas there was a rightward shift in slow MUs. These changes coincided with a decrease of stimulation frequencies necessary to evoke 60% of maximal force. Moreover, the linear correlation between these stimulation frequencies and the twitch contraction time observed in intact rats was disrupted in all groups of animals with spinal cord injury. The majority of the observed changes reached the maximum 1 mo after injury, whereas the effects evoked by spinal cord hemisection were significantly smaller and nearly constant in the studied period. The results of this study can be important for the prediction of changes in force regulation in human muscles after various extends of spinal cord injury and in evaluation of the frequency of functional electrical stimulation used for training of impaired muscles.
spinal cord injury; motor units; rat IT IS WELL KNOWN that two physiological mechanisms are responsible for muscle force regulation: recruitment of an adequate number of motor units (MUs) in skeletal muscle and changes in the firing rate of already active motoneurones (Burke 1981; Kernell et al. , 1999 Kernell 1979 Kernell , 1984 Hennig and Lømo 1987; Kamen and Du 1999; Kernell 2003) . Studies carried out on various muscles in intact cats (wrist flexor, deep lumbrical, soleus, and medial gastrocnemius) and rats (extensor digitorum longus, soleus, and medial gastrocnemius) (Botterman et al. 1986; Hennig and Lømo 1987; Kernell 1979; Kernell et al. 1983; Lømo 1985; Mrówczyński et al. 2006) showed that the relationship between stimulation frequencies and the force developed by MUs is characteristic for a given skeletal muscle.
Detailed analyses of relationships between the frequencies of stimulation and values of forces generated during MU contractions have usually been performed by plotting forcefrequency (F-f) curves, which have a sigmoid shape Lømo 1985; Hennig and Lømo 1987) . The steep portion of each curve determines the range of stimulation rates that gives an effective MU force gradation (Kernell et al. 1999; Kernell 2003) . Stimulation frequencies in this range correspond to motoneuronal firing rates observed during voluntary activity (Kernell 1979; Hennig and Lømo 1987) ; therefore, the analysis of F-f curves in MUs is the best way to recognize a strategy of force regulation realized by individual types of MUs during muscle activity. Several reports have documented changes in the F-f relationship evoked in a response to increase or decrease of motor activity (Thomas et al. 1991; Häger-Ross et al. 2006; Pogrzebna and Celichowski 2008) . In the rat and cat, the course of the steep part of the F-f curve correlates with the MU contraction time (Kernell et al. 1983; Celichowski and Grottel 1997; Mrówczyński et al. 2006) , and MUs with longer twitches (slow MUs) need lower stimulation rates than MUs with a shorter duration of contractions (fast MUs) to achieve a given force level. However, it should be stressed that a possible shift of the F-f curve toward lower or higher frequencies is difficult to predict in a given experimental model for particular MU types. For instance, strong linear correlations between the contraction time (CT) and the stimulation frequency necessary to achieve 60% of the maximum force have been observed in the rat and cat, but considerable differences between these relationships in the cat and rat have been revealed for the combined data of both species . In another study (Pogrzebna and Celichowski 2008) , a shortening of the twitch CT of all MU types was found after locomotor training, but opposite shifts of the F-f curves for fast fatigable (FF) MUs (toward lower frequencies) and fast resistant to fatigue (FR) MUs (toward higher frequencies of stimulation) were observed. The above observations show that the twitch time parameter is not the only factor that determines the course of the F-f curve.
It is well known that total spinal cord injury at the middle or low thoracic levels seriously restricts hindlimb locomotor activity, although the extent of the injury determines the degree of restriction. Behavioral observations in spinal cord-injured rats showed a complete loss of postural and locomotor function in rat hindlimbs (Feraboli-Lohnherr et al. 1997; Sławińska et al. 2000 ; for review, see Majczyński and Sławińska 2007) . In contrast, hemisection of the spinal cord at the low thoracic level does not induce such dramatic changes in hindlimb locomotor movements. A few weeks after such partial lesion injury, an evident improvement of locomotor function of the hindlimbs was observed in both rats (Celichowski et al. 2009 ) and cats (Hultborn and Malmsten 1983; Kuhtz-Buschbeck et al. 1996) . All these behavioral observations were parallel to numerous changes in the contractile properties of MUs, including tetanic force alterations as well as a significant prolongation (rats) or shortening (cats) of twitch CTs and half-relaxation times (Celichowski et al. , 2009 Cope et al. 1986; Mayer et al. 1984; Munson et al. 1986 ). These changes in the twitch course and the decrease of force output developed by MUs after spinal cord injury might result in considerable disturbances in the summation of twitches into tetanic contractions. It is important to note that total spinal cord transection resulted in a disappearance of the slow type of MUs 3 mo after the injury, whereas after hemisection of the spinal cord, the number of slow MUs increased considerably Mrówczyński et al. 2010) . All these changes strongly suggest substantial modifications of the MU force regulation processes after spinal cord injury.
This study was performed to understand how different levels of limitation of motor activity influence the relationship between force developed by MUs and the frequency of motoneuronal discharges. Therefore, changes in the F-f curves for the three MU types were compared for both spinal cord total transection (hindlimb paralyzed) and hemisection (disturbances of hindlimb movements) at various time periods after both types of injuries (14 -180 days). The second aim was to answer the question of whether the correlations between MU twitch CT and the stimulation frequency at a given force level remain unchanged in injured animals and if the previously described prolongation of the twitch contraction is reflected in a shift of the F-f curve toward lower frequencies of stimulation. This analysis is necessary to broaden the knowledge of the plasticity of mechanisms involved in muscle force regulation in the two models of spinal cord injury. Moreover, apart from strictly theoretical purposes, this is important for evaluating the pattern of functional electrical stimulation used in clinical practice in humans (Scott et al. 2006) , as processes of force regulation by changes in the motoneuronal firing rate in muscles of patients with spinal cord injuries are poorly known. Until now, changes in basic twitch parameters as well as the relationship between force and stimulation frequency have only been described in human MUs in the thenar muscle paralyzed by chronic spinal cord injury Klein et al. 2006; Thomas et al. 1990 Thomas et al. , 1991 .
MATERIALS AND METHODS
This report is based on material from experiments used in the preparation of two of our previous reports, in which changes in MU basic contractile properties after total spinal cord transection (Mrówczyński et al. 2010 ) and hemisection were studied. In the present study, we used data taken from experiments carried out using 38 adult Wistar female rats weighing 274 Ϯ 24 g (mean Ϯ SD). The control group consisted of 6 animals, and 17 rats with total transection (T) and 15 rats with left-sided hemisection (H) of the spinal cord at the level of the Th9/10 segments formed the two experimental groups. Each of the two latter groups was divided into four subgroups, which were subjected to the final electrophysiological experiments conducted 14 days (T14 and H14, n ϭ 3 and 3 rats, respectively), 30 days (T30 and H30, n ϭ 4 and 3 rats, respectively), 90 days (T90 and H90, n ϭ 4 and 4 rats, respectively), and 180 days (T180 and H180, n ϭ 6 and 5 rats, respectively) after total spinal cord transection and hemisection. All procedures used in these experiments were carried out with the approval of the Local Ethics Committee and followed European Union guidelines on animal care.
Spinal cord injury. The surgical procedures concerning spinal cord transection and hemisection at the low thoracic level (Th9/10) and anesthetics applied during surgery as well as animal care in the postoperative period have previously been described by Sławińska et al. (2000) , Majczyński et al. (2005) , and Celichowski et al. (2006) .
Experimental procedures. A detailed description of the experiments performed on isolated MUs has been given elsewhere (Celichowski et al. , 2009 Mrówczyński et al. 2009 ). Briefly, rats were anesthetized with pentobarbital sodium (initial dose of 60 mg/kg ip supplemented by ϳ10 mg · kg Ϫ1 ·h Ϫ1 ). A laminectomy was performed over the lumbosacral region (L2-S1) of the spinal cord. The medial gastrocnemius muscle of the immobilized left hindlimb was connected to a force transducer through the Achilles tendon and stretched up to a passive tension of 100 mN, the optimal tension to record the maximal isometric force of rat MU twitches (Celichowski and Grottel 1992) . The remaining muscles of the hindlimb were denervated. Functional isolation of MUs was performed according to the classical method of stimulation of bundles of axons isolated from the ventral roots (Bessou at al. 1963; McPhedran et al. 1965 ). The ventral roots were split into thin filaments, which were electrically stimulated with rectangular pulses of 0.1-ms duration and an amplitude up to 0.5 V. The "all-or-none" type of the evoked twitch and action potential confirmed that a single MU was isolated. To avoid potentiation of MU twitch forces during this procedure, the number of applied stimuli was limited to as low as possible (usually up to 10 pulses). Action potentials of single MUs were recorded with a bipolar silver electrode inserted into the muscle. Recordings were recognized as a single MU activity when both the action potential and force were of the all-or-none type.
MU action potentials and contractile forces were recorded using an analog-to-digital converter (RTI-800 Utilities; sampling rates of 10 kHz for action potentials and 1 kHz for force recordings).
The stimulation protocol was generated by a custom-designed laboratory computer program and consisted of the following steps: 1) twitch contractions (5 pulses at 1 Hz, twitch force was averaged); 2) unfused tetanus (500-ms trains of stimuli at 40 Hz); 3) fused tetanus (200-ms trains of stimuli at 150 Hz); 4) series of tetani recorded to analyze the F-f relationship (500-ms trains of stimuli at 10, 20, 30, 40, 50, 60, 75, 100, and 150 Hz delivered at 10-s intervals); 5) twitch contractions (5 pulses at 1-Hz frequency, twitch force was averaged), and 6) the fatigue test (responses to trains of 14 pulses at 40 Hz, repeated every second during 3 min) (Burke et al. 1973 ). Each step of the above stimulation pattern was separated by 10-s intervals.
Measured parameters. For the twitch force records, the CT (between the beginning of the twitch and the force peak) was measured. For the records of tetanic contractions at various stimulation frequencies, the peak force was calculated between the isoelectric line and the maximum. Values of forces obtained at various stimulation frequencies, expressed as a percentage of the maximum tetanic force induced by 150-Hz stimulation, were used to plot F-f curves (Kernell et al. 1983; Celichowski and Grottel 1997; Powers and Binder 1991; Mrówczyński et al. 2006) . Stimulation within the first three points of the protocol induced a slight potentiation of FF and FR MUs. For the control group, the twitch force recorded at 10-Hz stimulation (the first recording within point 4 of the stimulation protocol) was compared with the initial twitch force (point 1 of the protocol). The mean increase of the twitch force was 2.1 Ϯ 3.5% for FF MUs and 4.6 Ϯ 3.3% for FR MUs. This potentiation was considerably lower than the potentiation of twitches recorded after the last train of pulses within point 4 of the protocol (500 ms at 150 Hz), which amounted to 37.5 Ϯ 32.9% for FF MUs and 36.6 Ϯ 28.7% for FR MUs (Mrówczyński et al. 2010) , or the maximum twitch potentiation observed for fast MUs of the studied muscle (49.8% for FF MUs and 55.7% for FR MUs) (Celichowski 1992) .
Moreover, the sensibility of MUs to changes of stimulation frequency was analyzed by calculation of the increase of MU force evoked by the increase of stimulation rate by 1 Hz (the slope of the F-f curve). This parameter was computed for the steepest part of the curve around 60% of the maximum force (Kernell et al. 1983; Mrówczyński et al. 2006) .
MU classification. In our study, the standard criterion for fast/slow MU division, i.e., the presence of a sag phenomenon in fast MUs and its absence in slow MUs at 40-Hz stimulation (Burke et al. 1973; Grottel and Celichowski 1990) , could not be systematically used because of the sag disappearance in the majority of MUs in the spinal cord-injured animals. Therefore, MUs from the control group and both experimental groups of rats were classified into fast or slow types according to the 20-Hz tetanus index, which was calculated as the ratio between the amplitude of the last to the first force component during the unfused tetanus at 20-Hz stimulation. MUs with values of the ratio lower or equal to 2.0 were accepted as fast, whereas MUs with higher values of this ratio were slow. This classification method was also used in our earlier reports Celichowski et al. 2010; Mrówczyński et al. 2010) .
The division of fast MUs into FF and FR types was based on the classical fatigue index (Burke et al. 1973) , which is lower than 0.5 for FF MUs and higher than 0.5 for FR MUs (Kernell et al. 1983; Grottel and Celichowski 1990) .
Statistical analysis. Statistical evaluation of differences between control and spinal groups as well as among subsequent groups of injured rats with respect to frequency necessary to achieve 60% of the maximal forces and slope of curves was made with the Kruskal-Wallis test. Statistical analysis of differences between effects evoked by total transection and hemisection was performed using the Mann-Whitney U-test. Correlations between the twitch time parameters and frequencies of stimulation at 60% of the maximum force were described by equations of linear regression and correlation coefficients.
RESULTS
Our results demonstrated that the two types of spinal cord injury induced distinguishable changes in the F-f curve. The steep parts of curves plotted for the data obtained in all injured animals were shifted to the left compared with curves obtained from the respective control group (with the exception of slow MUs from the 14T and 30T groups as well as FF units from the 14T group, which had the upper fragment of the steep part of the curves slightly shifted to the right compared with the control group; Fig. 1 ). However, all changes were more manifested in the T group than in the H group of rats, especially in regard to both types of fast MUs (Fig. 1) .
The variability of the F-f relationship with respect to time after injury was less pronounced in slow MUs than in fast MUs. On the other hand, the complete disappearance of slow MUs in the 90T and 180T groups enabled us to analyze the courses of F-f curves only in the early stage after the total spinal cord transection.
The statistically significant decrease of frequency of stimulation necessary to develop 60% of the maximal force was noted in both FF and FR MUs from the 30T, 90T, and 180T groups, in FF MUs from the 14H, 30H, 90H, and 180H groups, and in FR MUs from the 180H group (P Ͻ 0.05, KruskalWallis test). The changes in slow MUs after both types of spinal cord injury were not statistically significant in all the experimental subgroups (P Ͼ 0.05, Kruskal-Wallis test; Fig. 2A ). It should be stressed that the mean frequencies necessary to achieve 60% of the maximum force were lower after total spinal cord transection than after hemisection. Statistically significant differences were observed in FF MUs between the 30T and 30H groups and in FR MUs between the 30T and 30H, 90T and 90H, and 180T and 180H groups (P Ͻ 0.05, Mann-Whitney U-test; Fig. 2A ). On the other hand, no significant differences were found between slow MUs from all T and H groups of rats.
The increase of the MU force evoked by the increase of stimulation rate by 1 Hz reflects a slope of the curve at 60% of the maximal force (Fig. 2B) . A statistically significant decrease of the slope of F-f curves with respect to the control group was found in FF MUs from the 90T group, in FR MUs from the 14T and 30T group, and in slow MUs from the 14T group as well as in FF MUs from the 14H group (P Ͻ 0.05, KruskalWallis test). These results suggest that the sensibility of MUs to changes in stimulation frequency is most strongly limited at an initial period (up to 3 mo) after spinal cord injury. Also, in this case, total spinal cord transection influenced the slope of curves more than hemisection. Statistically significant differences were found in FF MUs between the 90T and 90H groups, in FR MUs between the 14T and 14H groups, and in slow MUs between the 14T and 14H groups and 30T and 30H groups (P Ͻ 0.05, Mann-Whitney U-test; Fig. 2B ).
The two kinds of the spinal cord injuries investigated in this study eliminated a linear correlation between the CT and the frequency necessary to obtain 60% of the maximum force evident in the control group (Fig. 3A) . A gradual decrease of the correlation coefficient was found in all four studied periods after total transection (Fig. 3B ). This disappearance of the linear correlation was also noticed in all four studied groups of rats after hemisection (Fig. 3C) ; however, correlation coefficients for the groups after hemisection (from Ϫ0.65 to Ϫ0.45) changed considerably less than in the respective groups after total spinal cord transection (values between Ϫ0.47 and Ϫ0.10).
DISCUSSION
Total or partial spinal cord injuries at the thoracic level dramatically reduce (total spinal cord transection) or considerably change (hemisection) hindlimb activity and evoke substantial changes in the basic contractile properties of MUs in the rat medial gastrocnemius muscle Mrówczyński et al. 2010 ). Prolongation of the twitch CT, rise of the twitch-to-tetanus ratio, decrease of the fatigue index, reduction of the ability to potentiate force, and changes in the proportion of the three types of MUs (disappearance of slow MUs after spinal cord total transection) have been observed with various intensity after both types of injuries.
The increase of the twitch-to-tetanus ratio, i.e., decrease of the possible range of forces developed by MUs and prolongation of their twitch times, suggests a worsening of the ability to summate twitches into tetanic contractions after spinal cord injury. The leftward shift of the F-f curves, decrease of the Fig. 2 . Mean Ϯ SD values of stimulation frequencies necessary to obtain 60% of the maximal force (A) and slopes of the F-f curves (B) calculated as the relative increase of MU force evoked by the increase of stimulation frequency by 1 Hz. Open bars, control group; solid bars, T groups; shaded bars, H groups. *Statistically significant differences in relation to the control group (P Ͻ 0.05, Kruskal-Wallis test); #statistically significant differences between groups after total transection and hemisection (P Ͻ 0.05, Mann-Whitney U-test). The dotted vertical lines indicate the mean values measured for the control group. frequency of stimulation necessary to develop 60% of the maximal force, as well as the disappearance of a strict dependence between the CT and the course of the F-f curve demonstrated in this report directly confirm the suggestion of a distortion of force regulation processes in all types of MUs after both total and partial spinal cord injuries.
The F-f curve is known as a dynamic relationship with a variable course for different muscles and species . This relationship could additionally be modified in relation to the preceding activation (Binder-Macleod and Clamann 1989; Binder-Macleod and McDermond 1992; BinderMacleod et al. 1998) . Variable patterns of changes in stimulation frequency (Chou and Binder-Macleod 2007) as well as locomotor training (Pogrzebna and Celichowski 2008) , aging (Łochyński et al. 2008) , and fatigue processes (Allman and Rice 2004; Orizio et al. 2004 ) have previously been identified as factors considerably changing the relationship between the stimulation frequency and the force of MUs in various animal and human muscles.
In our experiments, spinal cord lesions also evoked significant changes in F-f relationships in each of the three types of MUs. After hemisection of the spinal cord, a leftward shift of the relationship occurred in all types of MUs, but after complete spinal cord transection, these results were not uniform. A leftward shift of the F-f curve was observed in fast MUs, whereas in slow MUs the opposite effect, a rightward shift of a part of the curve, was present. This is in agreement with results obtained by other authors in different muscles and species. Regarding slow MUs, as in our experiments, it has been shown that total spinal cord injury in rats evokes a rightward shift of the F-f curve in the soleus muscle (Talmadge et al. 2002) , which consists of ϳ95% slow MUs (Chamberlain and Lewis 1989), so after injury higher frequencies of electrical stimulation are required to obtain a similar relative force Fig. 3 . Relationships between the frequency of stimulation at 60% of the maximal force (60% force frequency) and the contraction time for MUs. A: control group of intact rats. B: 14T, 30T, 90T, and 180T groups. C: 14H, 30H, 90H, and 180H groups. The regression line is shown in A, and the linear regression equation is given above the plot. Correlation coefficients (r) are shown above all plots in A-C. *Correlation was statistically significant at P Ͻ 0.01. level than before lesion. On the other hand, a leftward shift of the F-f curve has been found in fast rat tail muscles after total spinal cord transection (Luke et al. 2006 ). This implies that lower stimulation frequencies are necessary to reach a similar force level than before spinal cord transection. Our results are also consistent with data from human experiments on muscles composed mainly of fast MUs, e.g., the tibialis anterior (Rochester et al. 1995) and quadriceps femoris (Gerrits et al. 1999 ) muscles, in which after spinal cord injury a leftward shift of the F-f curve was obtained (Scott et al. 2006) . Therefore, the present results are in line with suggestion made by Scott et al. (2006) in that functional electrical stimulation used to reduce the rapid fatigue of muscles of patients with spinal cord injury is efficient only when the frequency of stimulation is properly designed for the particular muscles.
It is well known that twitch time parameters (CT and half-relaxation time) influence the effectiveness of summation of successive twitches into tetanus and, in this way, affect the shape of the F-f curve Celichowski and Grottel 1997; Celichowski et al. 2006) . MUs with long twitch duration (slow) achieve a given level of force at lower stimulation frequencies than MUs with short duration of a twitch (fast). Such correlation has been reported in both rat and cat medial gastrocnemius muscles (Kernell et al. 1983; Mrówczyński et al. 2006) . Therefore, the considerable prolongation of the twitch duration recently described as crucial changes of MU properties in the rat muscle after total spinal cord transection or hemisection Mrówczyński et al. 2010 ) may be the main factor responsible for the observed changes in the course of the F-f curves in MUs. These observations may explain the leftward shift of the F-f curve in fast MUs after total spinal cord lesion and in all MUs after hemisection.
The second factor that could explain the observed shift of the steep part of the F-f curves toward lower frequencies is the significant increase of the twitch-to-tetanus ratio, which is frequently noted after spinal cord injury (Mayer et al. 1984; Cope et al. 1986; Gerrits et al. 2005; Celichowski et al. 2006) and results mainly from the reduced maximal tetanus forces of MUs. It should be stressed that an increase of the twitch-totetanus ratio has also previously been reported for denervated (St-Pierre and Gardiner 1985) and paralyzed (Buffelli et al. 1997) muscles and interpreted as a symptom of muscle atrophy (St-Pierre and Gardiner 1985) .
The rightward shift of the F-f curve in slow MUs in spinal rats is a puzzle. In these MUs, CT and half-relaxation time slightly increased in 14-and 30-day groups, which would have implied a leftward shift of the curve. It is probable that other features might evoke the changes observed in the F-f relationship of slow MUs after total transection of the spinal cord. This may be due to the process of slow-to-fast transformation of muscle fibers leading to the disappearance of slow MUs, which has previously been reported in the medial gastrocnemius muscle after total spinal cord transection (Mrówczyński et al. 2010) . A significant shortening of the twitch CT has been found in the feline soleus (Cope et al. 1986 ) and medial gastrocnemius (Mayer et al. 1984 ) muscles after total transection of the spinal cord. It has also been reported that spinal cord transection in rats evokes a rightward shift of the F-f curve of the soleus muscle tested 3 and 6 mo after injury (Talmadge et al. 2002) . In intact rats, the soleus muscle contains Ͼ90% myosin heavy chain (MHC) isoform type 1, known as the slow isoform. After lesion, the proportion of MHC type 1 dropped to Ͻ30% at a cost of an increased proportion of MHC type 2, known as the fast isoform (Talmadge et al. 2002) . When most muscle fibers become faster, an overall expected result of these changes is a rightward shift of the F-f curve. It can be assumed that the direction of the changes in the F-f curves after spinal cord injury is characteristic for a given species and depends on muscle properties such as its composition, biomechanical features, and transformation processes of muscle fibers after spinal cord injury.
In intact animals, the steep part of the F-f curve correlates with frequencies of motoneuronal discharges during voluntary activity (Kernell 1979; Hennig and Lømo 1987) . Moreover, a strong dependence between the frequency necessary to evoke 60% of the maximum force and the MU CT has been indicated in intact cats and rats (Kernell et al. 1983; Mrówczynski et al. 2006) . Our study revealed the decrease of stimulation frequencies necessary to achieve 60% of the maximal force (Fig. 2) as well as the complete disappearance of correlation between this frequency and the MU CT (Fig. 3 ) in all groups of rats after both total and partial spinal cord injury.
The lack of supraspinal input and the considerable reduction of long propriospinal input to motoneurons after transection of the spinal cord together with limited spontaneous activity of MUs are responsible for the changes in the properties of motoneurons. Button et al. (2008) reported that the complete isolation of the spinal cord from descending inputs triggers very strong modifications of basic intracellular properties of rat motoneurons innervating hindlimb muscles, whereas Bennett et al. (2001) revealed the decrease of motoneuronal excitability without descending inputs. They also demonstrated the decrease of both frequency-current slopes and minimum firing frequencies during experiments with intracellular current stimulation of motoneurons. Other experiments performed in spinal cord-injured rats have shown that motoneurons can slowly recover their excitability ϳ1 mo after total transection of the spinal cord and again produce discharges without descending control (Li et al. 2004) , although this activity is still significantly smaller than under physiological conditions. As a complementary observation to the above-cited results, we should point out that there were no progressive changes or a even slight recovery of MU contractile properties 90 and 180 days after total spinal cord transection (Figs. 1A and 2) . Therefore, the changes of the F-f curve observed in our experiments probably result from a considerable decrease in motoneuronal excitability, which influenced either the motoneuron recruitment order or the frequency of their discharges. This way, disturbances in motoneuronal excitability after spinal cord injury also seem to be indirectly responsible for the modification of the course of the F-f curve and for the disappearance of correlation between the twitch CT and the frequency necessary to obtain 60% of maximal force. On the other hand, one should note that Zijdewind and Thomas (2002) reported in patients after spinal cord injury a small increase in firing MU rates in thenar muscles when they analyzed electromyographic recordings. A considerable increase of firing rates has also been shown in MUs of the human triceps brachii after chronic spinal cord injury during maximal voluntary contractions (Thomas et al. 2002) . Therefore, it is likely that the range and direction of changes in motoneuronal properties and discharge frequencies (decrease or increase) after spinal cord injury are individual features of various muscles in different species and, additionally, depend on the extent of lesion as well as the time after injury.
At the intracellular level, the observed disturbances in mechanisms of force regulation are probably due to changes in the molecular machinery of the muscle involved in the processes of excitation, contraction, and relaxation. A proportion in MHC as well as the amount of Ca 2ϩ release (Calderón et al. 2009 (Calderón et al. , 2010 Reggiani and Te Kronnie, 2006) are factors that not only determine muscle characteristics but also condition the plasticity of muscle fibers under altered activity. However, the relationships between changes in both muscle excitationcontraction processes as well as the type of MHC and the observed effects of spinal cord injury are still unclear due to a lack of directly related data.
In summary, considerable disturbances of force regulation processes reflected in the leftward shift of the force-frequency curves of MUs and the disappearance of a correlation between the course of a curve and the CT were found after both total transection and hemisection of the spinal cord. However, the effects evoked by total transection were significantly more extensive and reached their maximum 1 mo after injury in fast MUs, whereas slow MUs completely disappeared 3 mo after total transection. Relatively smaller changes, showing a nearly constant level in time, were found in fast and slow MUs after hemisection. The results of this study may have meaning in the prediction of changes in force regulation in human muscles after partial and complete spinal lesions. Moreover, the frequency used during functional electrical stimulation of impaired muscles should be selected according to the type of spinal cord injury as well as the composition of MUs in a given muscle.
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